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Abstract

Exercise improves many aspects of human health, yet many people remain inactive even when exercise is prescribed. We
previously created a backcross (BC) between mice selectively bred for high levels of voluntary wheel running (VWR) and
fixed for ‘‘mini muscle’’ (MM), a recessive mutation causing ;50% reduction in triceps surae mass. We previously showed
that BC mice having the MM trait ran faster and further than mice without MM and that MM maps to chromosome 11.
Here, we genotyped the BC with genome-wide single nucleotide polymorphisms to identify quantitative trait loci (QTL)
controlling voluntary exercise and tissue and body mass traits and to determine whether these QTL interact with the MM
locus or with sex. We detected 3 VWR QTL, representing the first voluntary exercise QTL mapped using this high running
selection line, and 5 tissue mass QTL. Several interactions between trait QTL and the MM locus as well as sex were also
identified. These results begin to explain the genetic architecture of VWR and further support MM as a locus having major
effects, including its main effects on the muscle phenotype, its pleiotropic effects on wheel running and tissue mass traits,
and through its interactions with other QTL and with sex.
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Exercise significantly reduces percentage of body fat (Slentz
et al. 2005), reduces the incidence of diabetes (Hamman et al.
2006), and improves cardiac performance (Blumenthal et al.
2005). Despite such clear health benefits, many people remain
inactive. Even when exercise is prescribed, physical activity
often remains low, especially in the long term and for
underserved populations (Fogelholm and Kukkonen-Harjula
2000; Fappa et al. 2008). One basic problem in designing
effective physical activity-based therapies is that we know
little about biological factors controlling individual variation
in voluntary physical activity levels.

Several lines of evidence indicate that variation in
physical activity is significantly heritable. First, in twin
studies genetic factors account for as much as 72% of the
variation for activity-induced energy expenditure (Joosen
et al. 2005). Second, more than 214 genes and quantitative
trait loci (QTL) have been mapped in humans for
performance and health-related phenotypes (Bray et al.

2009), including linkages to physical activity levels (Simonen
et al. 2003; Cai et al. 2006), indicating that exercise variation
may be controlled primarily by many genes with individually
small effects. Third, there is a large degree of variation for
exercise duration and speed among mouse strains (Lightfoot
et al. 2004). Fourth, several QTL for voluntary exercise have
been mapped using the high active C57L/J and low active
C3H/HeJ mouse strains (Leamy et al. 2008; Lightfoot et al.
2008). And last, voluntary exercise responded robustly to
direct long-term selection and is associated with many
correlated traits supporting high wheel running, including
a lean body composition (Swallow et al. 1998, 2001).

The availability of mice selectively bred for high levels
of voluntary exercise provides a unique opportunity to map
genetic loci controlling exercise propensity. Voluntary
wheel running (VWR) has been the target of a long-term
selection experiment in which high-running (HR) mice were
selectively bred from an outbred Harlan Sprague Dawley:
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Institute of Cancer Research (Hsd:ICR) strain of Mus

domesticus for wheel-running distance on days 5 þ 6 of
a 6-day wheel exposure. From one Hsd:ICR base pop-
ulation, mice were randomly assigned to 4 replicate selection
(S) lines and 4 control (C) lines (Swallow et al. 1998). After
16 generations of selection, the 4 S lines ran on average
170% further than control mice. This increase in running
distance was achieved mainly through an increase in running
speed rather than running time (Swallow et al. 1998).
Correlated traits like masses of various organs have been
studied throughout the HR selection program (e.g., Swallow
et al. 2005).

An unusual trait appeared in 3 of the 8 lines (1 C and 2 S),
a 50% reduction in triceps surae mass that operates as
a simple Mendelian recessive trait called ‘‘mini muscle’’ (MM;
Garland et al. 2002). It was apparently lost in the C line
(laboratory designated line 5), remains polymorphic in 1 S
line (laboratory designated line 6), and apparently reached
fixation in another S line (laboratory designated line 3) by
generation 36 (Syme et al. 2005). Pleiotropic effects of MM,
including increased ventricle and spleen size and increased
capillarity in medial gastrocnemius muscle, have been
observed and could conceivably support increased exercise
capacity (Garland et al. 2002; Swallow et al. 2005; Wong et al.
2009). For example, increases in ventricle mass are often
observed among endurance athletes (Maron 1986; Baggish
et al. 2008). However, in the context of the HR selection
experiment, HR mice having MM do not exhibit systematic
differences in VWR levels compared with non-MM mice
(Swallow et al. 1998, 2005; Garland et al. 2002; Houle-Leroy
et al. 2003; Kelly et al. 2006; but for deviations from this
trend, see Syme et al. 2005 and Gomes et al. 2009), making
the impact of MM on exercise traits unclear.

To gain a better understanding of the MM mutation, we
created a backcross (BC) by crossing females from S line 3
(fixed for MM; herein referred to simply as HR) with males
from the C57BL/6J mouse strain (herein referred to as B6)
and then crossing F1 males back to HR parent females
(Hannon et al. 2008). In the BC, the MM phenotype did not
deviate from the 50:50 ratio expected for a simple
Mendelian recessive trait (Hannon et al. 2008). The BC
population was phenotyped for wheel-running traits
according to standard selection procedures as well as for
body mass and masses of triceps surae, ventricle, and spleen
(Hannon et al. 2008). In the BC, mice with MM ran faster
(average and maximum speed) and further than mice
without MM and also had lighter body masses and heavier
ventricles and spleens (Hannon et al. 2008). Female MM
mice exceeded male MM mice for all running traits (Hannon
et al. 2008). Subsequently, we used focused genotyping of
microsatellite markers in the BC population to map the MM
locus to a 2.6335 Mb gene-rich region between 67.453 and
70.0865 Mb on MMU11 (Hartmann et al. 2008).

In the current study, we have genotyped the BC
population with a genome-wide single nucleotide poly-
morphism (SNP) panel in order to address 2 primary
questions. First, what are the locations and magnitudes of
effect of QTL controlling voluntary exercise and related

traits in a cross using a HR line of mice? And second, do
exercise QTL interact with the MM locus or with sex?

Methods

BC Creation and Phenotyping

For details regarding creation of the BC population, see
Hannon et al. (2008) and Hartmann et al. (2008). Briefly,
20 B6 males were harem mated with 60 HR females. The 60
mating pairs produced 316 F1 individuals, from which 90
males were randomly backcrossed (1 dam with 1 sire) to the
MM HR female parents (mother–son and aunt–nephew
matings were disallowed). At 7 weeks of age, 384 BC mice
were exposed to running wheels for 6 days according to the
standard selective-breeding protocol (Swallow et al. 1998),
after which mice were sacrificed by CO2, weighed, and
dissected. The heart was detached and the ventricles were
dissected and weighed by removing the connecting blood
vessels and blotting to remove blood. Whole spleens were
dissected and weighed. Right and left triceps surae muscles
were dissected and weighed, including lateral and medial
heads of the gastrocnemius, soleus, and plantaris. Albino,
agouti, and black coat colors were recorded.

Genotyping and Linkage Map

A total of 384 BC mice and F0 parental mice were
genotyped for 154 SNPs. SNPs were initially selected based
on their relatively even spacing across the genome and their
predicted complete informativeness between HR and B6 F0
mice, using data from the Wellcome-CTC Mouse Strain
SNP Genotype Set (http://www.well.ox.ac.uk/mouse/
INBREDS). Predicted informativeness was based on
genotypes from 8 mice representing lines (M16, ICR; Allan
et al. 2005) derived from the same general genetic
background as the Hsd:ICR population used as the base
for selection of the HR lines, relative to the genotype of
B6. After genotyping using matrix-assisted laser desorption
ionization-time of flight mass spectrometry, we excluded
any SNPs showing allele sharing among the HR and B6
F0 parents or whose BC genotypic frequencies significantly
departed from the v2 distribution based on Mendelian
expectation. The X chromosome was not genotyped due to
the fact that F1 males carried the HR X chromosome and
were mated back to HR females to produce BC progeny
having only HR X chromosomes. The final set of SNPs
used for QTL analyses are provided in Supplementary
Table 1.

QTL Analyses

QTL analyses were performed using R/qtl (Broman et al.
2003). All logarithm of the odds (LOD) significance
thresholds were determined by the permutation procedure
(Churchill and Doerge 1994). Loci that met or exceeded
95th and 90th percentiles were deemed significant and
suggestive, respectively. Confidence intervals (CIs) for QTL
positions were obtained using Bayes credible intervals
(Manichaikul et al. 2006).
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BC mice having the MM phenotype exhibited a range of
triceps surae weights (0.0442–0.0887 g) that did not overlap
with the range of triceps surae weights (0.0907–0.1932 g) of
BC mice not having the MM phenotype (non-MM; Hannon
et al. 2008). Therefore, we mapped the MM trait as a binary
variable (0 5 non-MM; 1 5 MM) based on triceps surae
muscle weight. For VWR traits, we calculated the average
values of days 5 and 6 in the wheel because this is the
criterion for which HR mice were selectively bred (Swallow
et al. 1998). The following 4 VWR traits were evaluated for
QTL: distance (m), average speed (m/min), maximum
speed during any 1-min interval during the day 5 and 6
period (m/min), and time (number of 1-min intervals in
which there was at least 1 wheel revolution recorded in
a 24-h period). Four traits, which we collectively refer to as
tissue mass traits, were also examined: average of left and
right triceps surae mass, ventricle mass, spleen mass, and
body mass (prior to tissue dissection). Fixed effects and
covariates used in the analyses are summarized in Table 2.
Single QTL model genome-wide scans for QTL were
initially performed with and without MM as a fixed effect
to determine the influence of MM.

We searched for trait QTL � MM and trait QTL � sex
interactions using 2 stages of analysis to identify significant
and suggestive interactions. In the first stage, we searched
for significant interactions using a criterion LODFull �
LODAdditive 5 DLOD � 3.0 (Sen and Churchill 2001).
We then performed a second stage consisting of a search for
suggestive interactions meeting 2 criteria: 1) identifying
instances where QTL were present in one subpopulation
but not the other (i.e., MM vs. non-MM, males vs. females)
and 2) using multiple regression to calculate partial F

statistics (R/qtl) of the VWR and tissue trait QTL � MM

and QTL � sex interactions. Thus, QTL that were unique
to one subpopulation and exhibited significant partial F

statistics were considered to represent suggestive QTL
interactions with MM or sex.

We performed an additional stepwise QTL analysis to
further evaluate QTL � MM interactions (Manichaikul et al.
2008). Prior to stepwise QTL model selection, we imputed
genotype data using the Monte Carlo algorithm (Sen and
Churchill 2001). Then, for each trait, we performed the
forward/backward model selection to identify the best
model, which was defined as the model having the
maximum penalized LOD (pLOD) score (Zeng et al.
1999). Instances where the best model included the
interaction term between MM QTL and the trait QTL were
deemed to confirm a significant interaction.

The effect of coat color on VWR traits was analyzed
using the SAS 9.1 general linear model procedure (Cary,
NC). The general linear model included sex, coat color, and
batch as fixed effects, a sex � coat color interaction effect,
and wheel resistance and body mass as covariates.

Results

Several analyses were performed prior to mapping VWR
and tissue mass QTL and their interactions with MM or sex.
We first mapped MM as a binary variable based on non-
overlapping masses of triceps surae muscles (21).
A genome-wide scan for the MM locus produced a single
peak centered at 43.37 cM on MMU11 with a LOD of 93.56
and a 95% CI between 41.37 and 46.37 cM. Next, we
examined the distributions of the measured traits. As shown
in Figure 1 (and Supplementary Figure 1), all the traits

Figure 1. Distributions of traits measured in the HR � B6 BC. Displayed above the histograms are means and 2 standard

deviation error bars for 2 sets of populations (MM vs. non-MM and female vs. male).

Table 1. Phenotypic correlations and P values (with Bonferroni adjustments) for measured traits

Trait Average speed Maximum speed Time Triceps surae Ventricle Spleen Body

Distance 0.86*** 0.78*** 0.49*** �0.14 0.03a �0.12 �0.07
Average speed 0.92*** 0.00 �0.14b 0.05 �0.13 �0.09
Maximum speed �0.01 �0.14c 0.09 �0.05 �0.04
Time 0.10 0.00 0.00 0.01
Triceps surae �0.39*** �0.27d 0.17e

Ventricle 0.34*** 0.30**
Spleen 0.45***

Correlations for the entire HR � B6 BC population are presented. Superscripts a–e denote significant correlations present in one or more subpopulations

that were not present in the entire population.
a Male P 5 0.025.
b Male P 5 0.011.
c Male P 5 0.013.
d MM P 5 0.123, non-MM P , 0.001, female P 5 0.022, male P 5 1.000.
e MM P , 0.001, non-MM P , 0.001, female P 5 1.000, male P , 0.001. All correlations were adjusted with appropriate fixed effects.

**P , 0.01 and ***P , 0.001.
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(except triceps surae mass) were either normally distributed
or slightly skewed. We then examined correlations between
traits in the whole population and within 4 subpopulations
(MM, non-MM, female, and male; Table 1). In the whole
population, we found, for the most part, that the VWR and
tissue mass traits were correlated among themselves but not
across categories. For example, triceps surae mass was
correlated with ventricle mass in the full BC but not any of
the VWR traits. Several subpopulations also exhibited
significant correlations that were not apparent in the whole
BC (Table 1). Notably, triceps surae mass was only cor-
related to VWR traits in the male subpopulation (Table 1).

To identify QTL controlling VWR and tissue mass traits,
we initially performed single, additive QTL model genome-
wide scans with and without MM in the QTL model. Note
that the covariates included in each additive QTL analyses
throughout the results are presented in Table 2. Without
MM in the model, a QTL peak was detected at the
MM locus on MMU11 for all traits except running time
(Figure 2), strongly demonstrating the effect of the MM
mutation on VWR and tissue mass traits. When MM was
included in the model, all MMU11 QTL disappeared as
expected. To account for the strong effect of the MM locus,
all subsequent QTL scans included MM in the QTL model.
Using the single, additive QTL model we detected 3
significant VWR QTL and 4 significant tissue mass QTL in
the BC population (Figure 2 and Table 3). One significant
QTL for average running speed was detected on MMU7 and
2 significant QTL for maximum running speed were
detected on MMU6 and MMU7. No main effect QTL were
detected for running distance or time. We also detected 4
significant QTL for tissue mass traits, including a QTL for
triceps surae mass on MMU17, a QTL for ventricle mass on
MMU3, and 2 QTL for spleen mass on MMU6 and MMU13
(Table 3). An additional suggestive QTL for spleen mass
was detected on MMU9 (Table 3).

Our next goal was to identify significant and suggestive
interactions between VWR or tissue mass QTL and MM
locus or sex. Trait QTL interacting with the MM locus are
presented first (Figure 3 and Table 4). In our search for

significant interactions trait, using a DLOD interaction
criterion, only the ventricle mass QTL on MMU3 was found
to interact significantly with the MM QTL on MMU11
(LODFull 5 8.97, DLOD 5 2.99), because it significantly
affected the ventriclemass trait amongMMmice, but had little
effect on non-MM mice (Figure 3A). This interaction was
confirmed by the 2 QTL stepwise QTL model selection
procedure (Figure 3B). The pLOD was 18.23, and the best
2 QTL model contained the interaction for ventricle mass
QTL (MMU3, peak5 85.11 cM) and theMMQTL (MMU11,
peak5 43.65 cM).Our second stage of trait QTL�MMQTL
interaction analyses detected 5 suggestive QTL interactions
(Figure 3A,C–D and Table 4). Two ventricle mass QTL on
MMU2 and MMU10 interacted with the MM QTL on
MMU11. These 2 suggestiveQTL controlled ventricle mass in
non-MM mice but exerted little effect in MM mice. One
suggestive QTL for running distance QTL on MMU5
interacted with the MM QTL because it was apparently only
significantly expressed in non-MM mice (Figure 3C). Two
triceps surae QTL on MMU2 and MMU17 interacted with
MM. Again, both of these QTL were only present to
a significant degree in non-MM mice (Figure 3D).

A similar set of QTL interaction analyses detected 3
QTL � sex interactions (Table 5 and Figure 4). A suggestive
QTL � sex interaction was detected between the running
time QTL on MMU2 and sex because it influenced run-
ning time in males but had little to no effect in females
(Figure 4A). Another suggestive interaction was detected
between the triceps surae QTL on MMU2 and sex because
it only influenced male triceps surae mass (Figure 4B).
A highly significant QTL � sex interaction for triceps surae
mass was observed on MMU11 for the interaction between
the triceps surae QTL on MMU11 and sex (LODFull 5

24.26, DLOD 5 23.8; Figure 4B). This MMU11 interaction
had a QTL peak located at 46.36 cM and 95% CI between
41.4 and 51 cM, which falls within the 95% CI for MM, but
is located 3 cM away from the MM QTL peak.

As mutations controlling mouse coat color exert many
pleiotropic effects and the location of many of these
mutations are known, we examined the effects of coat color

Table 2. Fixed effects and covariates included in additivea model QTL analyses

QTL Populations Fixed effects Covariates

MM Whole population None None
VWR Whole population Sex, batchb, MM Wheel resistanceb, massmeanb

MM versus non-MM Sex, batch Wheel resistance, massmean
Female versus male Batch, MM Wheel resistance, massmean

Tissue mass (triceps Surae,
ventricle, spleen)

Whole population Sex, batch, MM Massmean
MM versus non-MM Sex, batch Massmean
Female versus male Batch, MM Massmean

Body mass Whole population Sex, batch, MM
MM versus non-MM Sex, batch
Female versus male Batch, MM

a Full model QTL analyses included appropriate interaction terms.
b Batch, wheel resistance, and massmean refer to wheel experimental batch, number of wheel revolutions after wheels were accelerated at a given velocity, and

([body mass prior to exercise þ body mass after exercise]/2), respectively.
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on VWR traits in BC mice. In the BC population, there were
41 (11%) black mice, 140 (37%) agouti mice, and 199 (52%)
albino mice (data for coat color were not recorded for 4
mice), percentages that do not differ from Mendelian ratios
expected for the recessive albino trait versus other coat
colors in the BC (v2 5 0.327, P . 0.05). Effect of sex (P 5

0.0004, P 5 0.0425, P 5 0.0016, and P 5 0.0002) and coat
color (P 5 0.0132, P , 0.0001, P , 0.0001, P 5 0.0021)
were significant, but there was no sex by coat color
interaction (P 5 0.5411, P 5 0.2222, P 5 0.6293, and P 5

0.7689) on the outcome variables of running distance,
average speed, maximum speed, and running time, re-
spectively. Albino mice did not run as far as black mice (P,

0.05), had slower maximum speeds than agouti and black
mice (P 5 0.001, P , 0.001), had slower maximum speeds
(P5 0.046, P, 0.001), and ran significantly more time than
agouti mice (P 5 0.016; Table 6).

Discussion

The HR � B6 BC was initially created to localize MM,
a recessive mutation in HR mice showing the classic
properties of a locus of major effect (Hannon et al. 2008).
Using this BC, we havemapped this locus to a 2.6-Mb interval
on MMU11 (Hartmann et al. 2008). One of our present goals
was to identify QTL for VWR and tissue mass traits. We
detected QTL on MMU11 for all traits except running time,
representing pleiotropic effects of the MM locus. When MM
was included as a fixed effect in the QTL model, all QTL on
MMU11 disappeared, further demonstrating that MM
influences VWR and tissue mass traits. We also detected 3
VWR and 5 tissue mass QTL on chromosomes other than

MMU11, representing the first voluntary exercise QTL
mapped using the HR lines. Our other goal was to identify
QTL that interacted with MM or sex. We found that MM
interacted significantly with a ventricle mass QTL on MMU3
and also showed suggestive interactions between MM and 6
VWR and tissue mass QTL. For QTL � sex interactions, we
detected a robust interaction with the QTL for triceps surae
mass on MMU11 (i.e., MM) as well as suggestive interactions
with 2 other QTL.

These results further support MM as a locus having
major effects, including its main effects on the MM
phenotype, its pleiotropic effects on VWR and tissue mass
traits, and through its interactions with other QTL and sex.
However, it is important to consider that the expressivity of
MM may not operate entirely independently from other HR
alleles. In the context of HR and B6 alleles, the MM trait
maintains a bimodal distribution, but we do not yet know
how the MM mutation may operate in the absence of other
HR alleles (e.g., if it were introgressed into non-HR genetic
backgrounds). Effects of another recessive mutation, high
growth (hg), follow a bimodal distribution when expressed in
the genetic selection background (Bradford and Famula
1984) but then exhibit a normal distribution in the context
of a C57BL/6J-hg/hg � CAST/EiJ F2 cross (Horvat and
Medrano 1995). And like the results we report here for
exercise and MM, QTL for growth are modifiable by the hg
mutation (Corva et al. 2001).

Only 4 QTL exceeding the 5% experiment-wise level
have been previously reported for wheel-running activity
(Lightfoot et al. 2008). Among these, 3 (distance, speed, and
time) coincided on MMU13 (DIST13.1, SPD13.1, and
DUR13.1); the fourth and largest QTL detected was for
speed on MMU9 (SPD9.1). In this present study, all the QTL
that exceeded the 95% threshold were related to speed (either
average or maximum speed), except for the QTL detected in
the male subpopulation for running time on MMU2, which
to our knowledge, is the first sex-specific wheel-running
QTL reported in mice. The suggestive running distance QTL
we detected on MMU5 (CI 5 2.21–66.20 cM) in the
non-MM subpopulation falls outside the CI for another
reported suggestive QTL for distance on the same
chromosome (DIST5.1, CI 5 93–109 cM; Lightfoot et al.
2008). It is not surprising that the exercise trait QTL detected
in the present study do not correspond to those found in the
previous study for several reasons: 1) different methods of
VWR measurement, 2) laboratory-to-laboratory variation, 3)
age differences, 4) differences in genetic background, and 5)
differences in the genetic cross design (e.g., BC vs. F2).

Some of the VWR QTL detected in this BC appear to be
pleiotropic for other VWR traits, which is not surprising
considering that running distance is the direct product of
running speed and time spent running, or it could be the

Figure 2. Single genome-wide scans of HR � B6 BC phenotypes with and without MM in the whole population additive QTL

model. (A) Running distance. (B) Average running speed. (C) Maximum running speed. (D) Time spent running. (E) Tricep surae

mass. (F) Ventricle mass. (G) Spleen mass. (H) Body mass. The green and pink-hatched lines represent the permuted 90% and

95% LOD thresholds, respectively.

Table 3. Descriptive statistics for VWR and tissue mass trait
QTL after accounting for the MM QTL

Trait Chromosome LODa
Peak
(cM)

95% CI
(cM)

%
Varianceb

Average
speed

7 5.90* 53.39 42.75–60.75 5.98

Maximum
speed

6 3.43* 65.00 39.72–73.00 3.46

Maximum
speed

7 4.96* 53.39 35.74–60.74 4.89

Triceps
surae

17 2.87* 21.88 15.88–34.88 0.22

Ventricle 3 5.98* 90.11 63.11–93.16 2.44
Spleen 6 3.85* 60.00 53.00–89.00 3.12
Spleen 9 2.41 52.19 34.72–83.37 1.87
Spleen 13 4.08* 55.87 29.87–67.16 3.26

a LOD exceeding the 95% permutation threshold are denoted by *; other

QTL exceeded the 90% threshold.
b Percentage of phenotypic variance accounted for by the QTL effect.

48

Journal of Heredity 2010:101(1)



case that the traits measure similar attributes (i.e., because
average speed is similar to maximum speed). Thus, the
additive model QTL for maximum speed and average speed
on MMU7 are likely manifested by genetic variation in

the same locus. Similarly, the QTL on MMU5 for running
distance and maximum speed likely represent the same
underlying genetic variation, especially given that no QTL
were detected for running time on MMU5. Consequently, it

Figure 3. VWR and tissue mass trait QTL � MM QTL interactions. Two genome scans were performed for the whole

population (full model including the QTL � MM interaction term and the additive model) and 2 additional scans were performed

for the MM and non-MM subpopulations for trait QTL. The pink and green-hatched lines represent the permuted 95% LOD

significance thresholds for the full and additive QTL models, respectively. (A) Ventricle mass (inset plot; the ventricle mass QTL �
MM interaction on MMU3 is due to the larger effect of the rs13482920 genotype on ventricle mass in MM compared with non-

MM mice). (B) Two QTL model stepwise QTL model heat map illustrating the interaction between the MM QTL on MMU11 and

ventricle mass on MMU3. (C) Running distance (inset plot; the distance QTL �MM interaction on MMU5 is attributable to larger

effects of the rs13478156 genotype on running distance in non-MM than MM mice). (D) Triceps surae mass (left and right inset

plots; the triceps surae QTL � MM interactions on MMU2 and MMU17 are due to the more significant effects of the rs13476818

and rs13482920 genotypes, respectively, on decreasing triceps surae mass in non-MM compared with MM mice).
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is probable that only 4 unique QTL for VWR traits were
detected in the BC: 1 for running speed (maximum speed
and average speed) on MMU7 in both MM and non-MM
mice, 2 for maximum speed on MMU5 and MMU6 among
non-MM mice, the former of which coincides with a non-
MM QTL for running distance, and 1 for running time on
MMU2 in the male subpopulation.

The QTL for average and maximum running speed on
MMU7 are particularly noteworthy because their peaks fall
;10 Mb away from the tyrosinase (tyr) gene. Through linkage,
this QTL likely explains the effects of coat color on VWR
traits that were identified in this study, given that HR mice
are albino, and albinism is caused by a single recessive point
mutation in tyr (Yokoyama et al. 1990). It is also feasible to
consider tyr as a positional candidate gene for the running
speed QTL. The effect of the tyr locus on open-field activity
is well known, and its colocalization with QTL for open-

field activity (Turri et al. 2001; Henderson et al. 2004) and
contextual fear (a behavioral response involving locomotor
immobility; Ponder et al. 2008) have also been reported.
Although a functional relationship between tyrosinase and
locomotor behavior has not been established, there is
accumulating evidence that tyrosinase can serve as a pre-
cursor for dopamine, a neurotransmitter central to goal-
directed behavior (Cheer et al. 2007).

The predominant route for dopamine synthesis begins
with the first and rate-limiting enzyme tyrosine hydroxylase,
which catalyzes tyrosine to L-dihydroxyphenylalanine
(L-Dopa), which is subsequently converted to dopamine
by Dopa decarboxylase. Tyrosinase, a key enzyme in
melanin biosynthesis that produces hair and skin pigment,
also converts tyrosine to L-Dopa (Sanchez-Ferrer et al.
1995), and in the absence of tyrosine hydroxylase, tyrosinase
is capable of producing dopamine in the brain and

Table 4. Genome-wide scans for VWR and tissue mass trait QTL in MM and non-MM subpopulations and their interaction with the
MM QTL

MM subpopulation Non-MM subpopulation

Trait Chromosome LODa Peak (cM) CI (cM) % Varianceb LODa Peak (cM) CI (cM) % Varianceb
Partial F
test

Distance 5 2.80* 16.20 2.21–66.20 4.93 0.039
Average speed 7 3.62* 53.75 30.75–75.50 7.85 3.32* 53.40 17.75–60.75 7.11 0.506
Maximum speed 5 3.28* 9.21 2.21–24.72 5.70 0.057
Maximum speed 6 2.83* 66.69 38.00–78.00 5.35 0.436
Maximum speed 7 3.48* 46.75 26.75–77.99 7.27 0.542
Triceps surae 2 2.43 89.18 29.18–98.04 0.77 0.031
Triceps surea 17 3.78* 17.98 15.88–36.88 1.17 0.037
Ventricle 2 2.72* 98.04 48.89–98.04 1.62 0.010
Ventricle 3 8.97* 85.11 74.10–92.11 4.97 ,0.001
Ventricle 10 2.59 49.15 21.16–54.00 1.23 0.006
Spleen 6 3.27* 78.00 56.00–91.00 5.37 0.241
Spleen 13 3.78* 55.86 36.87–67.16 6.55 0.063

a LOD exceeding the 95% permutation threshold are denoted by *; other QTL exceeded the 90% threshold.
b Percentage of phenotypic variance accounted for by the QTL effect.

Table 5. Genome-wide scans for VWR and tissue mass trait QTL in female and male subpopulations and their interaction with sex

Female subpopulation Male subpopulation

Trait Chromosome LODa Peak (cM) CI (cM) % Varianceb LODa Peak (cM) CI (cM) % Varianceb
Partial F
test

Average speed 7 3.92* 53.39 33.75–64.75 7.97 0.226
Maximum speed 6 4.00* 65.00 56.00–65.00 7.80 0.107
Maximum speed 7 2.70 49.75 17.75–64.75 5.28 0.677
Time 2 3.30* 63.18 39.18–74.18 7.06 0.010
Triceps surae 1 2.99* 36.05 23.10–82.10 0.36 0.130
Triceps surae 2 3.14* 25.98 13.18–39.18 0.36 0.018
Ventricle 2 2.64 52.18 27.18–70.16 3.58 0.091
Ventricle 3 3.56* 88.11 64.10–93.16 4.84 2.69* 91.11 62.11–93.16 2.65 0.348
Spleen 6 3.04* 87.00 68.69–93.88 4.36 0.357
Spleen 13 2.92* 1.87 1.86–51.87 4.66 2.42 67.16 30.86–67.16 4.94 0.152

a LOD exceeding the 95% permutation threshold are denoted by *; other QTL exceeded the 90% threshold.
b Percentage of phenotypic variance accounted for by the QTL effect.
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peripheral cells of the body (Rios et al. 1999; Eisenhofer
et al. 2003). Furthermore, tyrosinase is a major determinant
of peripheral dopamine levels in early postnatal develop-
ment (Eisenhofer et al. 2003). It remains to be determined
whether tyrosinase is functionally associated with locomotor
behaviors such as voluntary exercise via dopamine-related
mechanisms. However, it is important to note that although
tyr gene expression has been documented in the mouse brain
(Lein et al. 2007), it remains controversial whether
tyrosinase is present in the brain (Tief et al. 1998; Tribl
et al. 2007). Parenthetically, we have found that female HR
mice (from a different replicate of the S lines than that used
here) exhibit higher levels of dopamine in ventral striatum
tissue compared with other ICR-based strains (Mathes WF,
Nehrenberg DL, Gordon RR, Hua K, Garland T Jr, Pomp
D, unpublished data). Given this circumstantial evidence, as
well as other data linking high running in HR mice to the
dopamine pathway (Rhodes et al. 2005), it is tempting to
speculate that the QTL for average running speed is
underpinned by variation in or near the tyr locus. However,
a large number of other genes are localized in proximity to
this QTL, many of which still have unknown functions.

Our search for QTL � MM and QTL � sex interactions
revealed 2 particularly interesting results. The MMU3
ventricle mass QTL � MM interaction stems from MM
mice exhibiting heavier ventricles than non-MM mice even
though they weigh less than non-MM mice. Enlarged
ventricles have long been known to characterize athletic
hearts (Maron 1986), so they could represent an advanta-
geous, coadaptive genetic trait facilitating increased running
speed in mice having the MM mutation. However, in the
present BC, the lack of any significant correlation between
any of the VWR traits and ventricle mass suggests that
ventricle mass does not in fact directly impact running levels.
The triceps surae mass MMU11 QTL interaction with sex
was also particularly striking. This interaction is attributable
to the fact that the MM mutation reduced tricep surae mass
to a greater extent in males than females (Hannon et al.
2008). It is recognized that sex � genotype as well as sex �
genotype � environment interactions play a critical evolu-
tionary role in producing and maintaining genetic variation
(Mackay 2001). Several sex � QTL interactions have been
reported, including those that influence tissue mass (Rance
et al. 2007), bone mineral density (Ishimori et al. 2008), and
pain responses (Mogil et al. 1997). Given its magnitude and
proximity to the MM locus, the triceps surae mass MMU11
QTL interaction with sex could prove beneficial for
delineating the genetic architecture of MM. For example,
the MM locus is located on MMU11 in a gene-rich region
containing ;100 genes (Hartmann et al. 2008). Any of these
genes that are known to have differential sex effects and/or
expression may become higher priority candidates.

Although this study detected several VWR QTL, these
QTL individually explained only a relatively small percentage
of the phenotypic variance for VWR traits in BC mice, and
their cumulative effects fall short of accounting for the
narrow-sense heritability estimate of 0.28 for VWR in HR
mice (Swallow et al. 1998). This ‘‘missing heritability’’ could

Figure 4. VWR and tissue mass trait QTL � sex

interactions. Two genome scans were performed for the whole

population (full model including the QTL � sex interaction

term and the additive model) and 2 additional scans were

performed for the female and male subpopulations. The pink

and green-hatched lines represent the permuted 95% LOD

significance thresholds for the full and additive QTL models,

respectively. (A) Running time (inset plot; the time QTL � sex

interaction on MMU2 is due to the significant effect of the

rs13476654 genotype on increasing female running time but not

male running time). (B) Triceps surae mass (inset plot; the

triceps surae QTL � sex interaction is attributable to larger

effects of the rs13482920 genotype on triceps surae mass in

males compared with females).
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be explained by several factors. First, we recently observed
that HR VWR traits show dominance over B6; HR � B6 F1
VWR traits are expressed at levels comparable to parental HR
and significantly higher than the low VWR B6 parental levels
(Nehrenberg et al. 2009). Although the BC design was
appropriate for mapping a QTL for the MM recessive trait, it
has reduced power to detect QTL in the presence of
significant dominance. Second, epistatic QTL can account
for significant genetic variation in wheel-running traits
(Leamy et al. 2008). Third, VWR traits in HR mice could
be determined by changes in ontogeny that have risen from
alterations in the dynamic interplay between genetic variation
and environmental variation (e.g., in utero and postnatal
maternal environments) occurring over the course of HR
development. In humans, the maternal gestational environ-
ment is drastically altered by exercise (Clapp 2006), and there
is evidence that human mothers who continue exercising
during pregnancy produce leaner offspring that also exhibit
measurably better neurodevelopmental outcomes (Clapp
2000). If such dynamic phenomena contribute to the HR
phenotype, then perhaps, the HR selection experiment is
illustrative of an ‘‘ontogenetic selection’’ experiment, in
which the HR phenotype materialized from selection of
developmental recombinations of gene and environmental
interactions supporting high levels of wheel running (Baldwin
1896; West-Eberhard 2005). Accordingly, the genome �
environment � time interaction underpinning HR VWR
phenotypes would amplify the complexity of VWR pheno-
types to a point where studies using much larger populations,
dense genetic marker sets, contrasting environmental con-
ditions, and multiple developmental time points are required
to elucidate the genetic architecture of voluntary exercise.
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